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ABSTRACT
Context. The evolution of massive stars surviving the red supergiant (RSG) stage remains unexplored due to the rarity of such objects.
The yellow hypergiants (YHGs) appear to be the warm counterparts of post-RSG classes located near the Humphreys-Davidson upper
luminosity limit, which are characterized by atmospheric instability and high mass-loss rates.
Aims. We aim to increase the number of YHGs in M33 and thus to contribute to a better understanding of the pre-supernova evolution
of massive stars.
Methods. Optical spectroscopy of five dust-enshrouded yellow supergiants (YSGs) selected from mid-IR criteria was obtained with
the goal of detecting evidence of extensive atmospheres. We also analyzed BVIc photometry for 21 of the most luminous YSGs in
M33 spanning approximately nine years to identify changes in the spectral type that are expected based on the few well-studied
YHGs. To explore the properties of circumstellar dust, we performed spectral energy distribution fitting of multi-band photometry of
the 21 YSGs. We additionally conducted K−band spectroscopy of the YHG candidate B324 in search of processed ejected material.
Results. We find three luminous YSGs in our sample, stars 2, 6 and 13, with log L/L⊙ & 5.35 to be YHG candidates, as they are
surrounded by hot dust and are enshrouded within extended, cold dusty envelopes. Our spectroscopy of star 2 shows emission of
more than one Hα component, as well as emission of Ca ii and [N ii], implying an extended atmospheric structure. In addition, the
long-term monitoring of the star reveals a dimming in the visual light curve of amplitude larger than 0.5 mag that caused an apparent
drop in the temperature that exceeded 500 K. We suggest the observed variability to be analogous to that of the Galactic YHG ρ Cas.
We further support the post-RSG classification of N125093 and B324 instead of being LBVs in outburst. Five less luminous YSGs
are suggested as post-RSG candidates showing evidence of hot or/and cool dust emission.
Conclusions. We demonstrate that mid-IR photometry, combined with optical spectroscopy and time-series photometry, provide a
robust method for identifying candidate YHGs. Future discovery of YHGs in Local Group galaxies is critical for the study of the late
evolution of intermediate-mass massive stars.
Key words. galaxies: individual: M33 – stars: massive – stars: late-type – stars: evolution – stars: variables: general
1. Introduction
The upper part of the Hertzsprung-Russell (HR) diagram is home
to the most enigmatic types of massive stars, which serve as
progenitors of various subclasses of core-collapse supernovae
(SNe). From the hot region occupied by luminous blue variables
(LBV) and Wolf-Rayet (WR) stars to the coolest limit where
red supergiants (RSGs) reside, the physics of stellar evolution is
being refined. In these types of massive stars, the influence of
mass loss is critical in modulating the evolutionary path and the
lifetime of the star. OB-type stars on the main sequence possess
steady, line-driven and therefore metallicity-sensitive winds that
⋆ Based on observations made with the Gran Telescopio Canarias
(GTC), installed in the Spanish Observatorio de El Roque de Los
Muchachos of the Instituto de Astrofísica de Canarias, on the island of
La Palma, and on data collected at Subaru Telescope, which is operated
by the National Astronomical Observatory of Japan.
are responsible for mass-loss rates of ≤ 10−5 M⊙ yr−1 (Puls et al.
2008). During the giant super-Eddington eruptions observed in
LBVs, however, high mass-loss rates (≥ 10−3 M⊙ yr−1) can
only be justified by continuum-driven winds caused by electron
scattering (Owocki et al. 2004; Smith & Owocki 2006). Atmo-
spheric inhomogeneity (porosity) due to optically thick struc-
tures in the atmosphere of LBVs has been shown to provide sta-
bility against the strong radiation field. On the other hand, RSGs
are found to display slow dust-driven winds enhanced by radial
pulsations (Gehrz & Woolf 1971; Bowen 1988; van Loon et al.
2005). Depending on metallicity and rotation, RSGs of initial
mass 20 − 40 M⊙ exhibit high mass-loss rates that shift them
back to warm temperatures, owing to the inability of the stars to
sustain a convective H-rich outer envelope (Ekström et al. 2012;
Smith 2014; Meynet et al. 2015). Yoon & Cantiello (2010) pro-
pose a pulsationally-driven super-wind as a mechanism to drive
the high mass-loss rates of RSGs with Minit > 19 M⊙. Their
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conclusion may explain the subclass of Type IIn SNe embedded
within recently ejected dusty shells.
Yellow hypergiants (YHGs; de Jager 1998) are post-RSG
stars that occupy a region in the HR diagram between 4 000 −
7 000 K. Their luminosity is confined above log L/L⊙ ∼ 5.4 and
below the Humphreys-Davidson limit (Humphreys & Davidson
1994) at log L/L⊙ = 5.8. Their most distinct characteristic is that
they undergo several blueward loops against the cool limit of
the instability zone known as the “Yellow Void” (hereafter, YV)
(de Jager & Nieuwenhuijzen 1997; Nieuwenhuijzen & de Jager
2000). Given the difficulty to accurately define the true tempera-
ture of the YHGs, the exact location of the YV is yet under de-
bate with various values reported in the literature: 6 000 − 9 000
K (Humphreys et al. 2002), 7 000 − 10 000 K (de Jager 1998),
and even 8 500 − 12 000 K (Stothers 2012). A star in the YV
is characterized by a negative density gradient and very low or
negative gravity (geff < 0.3 cm s−2) as a result of an extented
atmosphere (Nieuwenhuijzen & de Jager 1995; de Jager 1998;
de Jager et al. 2001). Nieuwenhuijzen et al. (2012) stressed that
the YV comprises two separate instability regions that are as-
sociated with the ionization of H and He. A typical character-
istic of the dynamic instability is the decrease of the volume-
averaged value of the first generalized adiabatic exponent <
Γ1 >=< (dlnP/dlnρ)ad > below 4/3 in the outer stellar enve-
lope (Stothers & Chin 1996). By investigating the stability of
cool supergiant atmospheres, Lobel (2001) demonstrated that
< Γ1 > assumes values below unity over a large geometrical
fraction of the atmosphere of low-gravity Kurucz models with
6 500 ≤ Teff ≤ 7 500 K. Unfortunately, observational evidence
of dynamically unstable hypergiants is poor owing to their rarity
and short-lived state. On their late blueward evolution, YHGs are
believed to rapidly cross the YV and conclude their life as low-
luminosity LBVs and WR-stars (Maeder 1982; Stothers & Chin
1996; Humphreys et al. 2016b). The observational gap of LBVs
with log L/L⊙ = 5.7 ± 0.1, however, renders the evolution of
post-YHGs with the same luminosity uncertain. These stars were
suggested to evolve independently of an optically thick outer
atmosphere and appear directly as WR-stars upon its dissipa-
tion (Smith et al. 2004). On the other hand, Groh et al. (2013)
assigned a YHG classification to the progenitors of Type IIL/b
SNe with initial masses 17-19 M⊙. Their theoretical framework
is further supported by the statement that, the yellow progenitors
reported in the literature could actually be YHGs instead of yel-
low supergiants (YSGs). We note, however, that stars following
this evolutionary channel have log L/L⊙ . 5.2, which is quite
below the luminosity value of the Galactic YHGs.
Estimating the true evolutionary state of yellow,
intermediate-mass massive stars remains a rather puzzling
task, given that they cross regions on the HR diagram where
typically a redward evolution takes place. According to de Jager
(1998), the classification of a YHG requires broad emission
of one or more Hα components and broad Fraunhofer lines
that are collectively known as the “Keenan-Smolinski” criteria.
These criteria aim to distinguish slow-rotating supergiants from
hypergiants, the latter of which show large velocities of tens
of km s−1 due to large-scale atmospheric turbulence. Owing to
the difficulty in obtaining high-resolution spectroscopy of faint
extragalactic objects, the literature of YHGs has been confined
to the Milky Way and the Magellanic Clouds. Humphreys et al.
(2013) used the term “warm hypergiants” to characterize very
luminous A and F–type stars in M31 and M33 showing broad
Hα emission typical of high mass loss, and emission of Ca ii and
[Ca ii] indicative of a gaseous expanding shell in a low density
circumstellar environment. In addition, an infrared excess may
provide evidence for surrounding dust formed due to current
or past mass loss events (Gordon et al. 2016). Such events
imply that the star has either already evolved as an RSG or has
undergone dynamic instability that led to enhanced expulsion of
gas. An overabudance of Na and N is supportive of the former
scenario because it is indicative of material processed in the
interior of an evolved star via the hot bottom burning process
(Quintana-Lacaci et al. 2013). On timescales of years or even
decades, YHGs display significant color variability associated
with the collapse of atmospheric layers and the generation of
pulsationally-driven shockwaves that cause expansion and cool-
ing of the stellar photosphere (Lobel et al. 2003). An alternative
scenario suggests that, during outbursts, enhanced mass-loss
outflows form optically thick winds (pseudo-photospheres)
similar to those of LBVs in outburst, which in turn yield
changes in the apparent spectral type of the star (Stothers
2012; Nieuwenhuijzen et al. 2012). Although YHGs share their
spectral properties with LBVs and B[e] supergiants, their late
spectral types and the presence of warm circumstellar dust
were recently suggested by Humphreys et al. (2016a) as a
way to differentiate YHGs from the other two classes. On the
other hand, the Galactic YHG ρ Cas shows little and gradually
dissipating dust excess, which emerges from a shell that was
ejected during the historic eruption of 1946 (Gillett et al. 1970;
Shenoy et al. 2016). Similarly, the spectroscopic twin of ρ Cas,
the hypergiant HR8752, also lacks infrared excess (Gillett et al.
1970). Continued photometric monitoring along with high-
resolution spectroscopy is therefore suggested as essential for
an accurate YHG classification.
Due to their rarity, there are approximately fifteen reported
YHGs in the Galaxy and the Magellanic Clouds (de Jager 1998).
Six additional Galactic YHGs in the young, open cluster West-
erlund 1 were reported by Clark et al. (2005). Although all
known YHGs display typical spectroscopic characteristics of
their class, only a few were found to display variability in spec-
tral type when systematically observed over time. Of these,
the Galactic IRC+10420 is associated with extended nebulosity
(Tiffany et al. 2010). The circumstellar environment of the star
exhibits knots, arcs, shells and jet-like structures, and was shaped
during two epochs of increased mass-loss rate of 10−3 − 10−4
M⊙ yr−1 in the last 6 000 years (Shenoy et al. 2016). IRC+10420
is believed to be crossing the YV (Humphreys et al. 2002) to
evolve as a low-luminosity LBV (Humphreys et al. 2016b). It
has changed its apparent spectral type from F8I+ to early A in
30 years with an increase of ∼ 120 K per year (Oudmaijer 1998;
Klochkova et al. 2002). ρ Cas, the most well-studied YHG with
a current spectral type of F8−G2, aroused interest after its out-
burst in 2000 during which Teff decreased by ∼ 3 000 K within
200 days. The outburst was followed by a drop in the V−band
light curve by almost one order of magnitude and the appearance
of titanium-oxide bands in the optical spectrum arising from a
cool, expanding shell. The estimated mass loss of the eruptive
event is comparable to the mass loss of the eruptions of LBVs
(Lobel et al. 2003).
In M33, Var A (Hubble & Sandage 1953; Humphreys et al.
1987, 2006) is a post-RSG object known to have undergone a
high mass-loss episode of the order 10−4 M⊙ yr−1, that lasted for
almost 50 years. The outburst caused a change in the apparent
spectral type from F to M and a large infrared excess at 10 µm
due to the formation of dust. More recently, B324 and N125093
were reported by Humphreys et al. (2013) to exhibit spectral
features of YHGs, meaning broad asymmetric Hα wings, Ca ii
triplet and [Ca ii] in emission. Owing to their high luminos-
ity that places them above the empirical Humphreys-Davidson
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limit, these stars were classified as LBVs in eruption (Clark et al.
2012; Valeev et al. 2010). However, Humphreys et al. (2013) ar-
gued that their actual evolutionary state is uncertain, given that
they strongly resemble the bona fide YHG IRC+10420 and that
their luminosity could be overestimated due to the uncertainty in
the adopted distance.
In the current study, we aim to increase the number of YHG
candidates in M33. We obtained optical spectroscopy for five
luminous YSGs that show infrared excess, with the goal of de-
tecting signatures of expanding shells, which are associated with
a post-RSG evolutionary state. Additionally, we exploited three-
band, long-term photometry of luminous, spectroscopically con-
firmed YSGs to search for variations in the spectral type. Near-
infrared spectroscopy was obtained for two luminous objects to
provide further evidence of their evolved nature. The paper is or-
ganized as follows: in Sect. 2 we focus on the selection of our
sample and describe the photometric and spectroscopic observa-
tions, in Sect. 3 we discuss the five optical spectra, in Sect. 4 we
describe the photometric monitoring and present results on the
variability in temperature, in Sect. 5 we employ multi-band pho-
tometry to build and fit the spectral energy distributions (SEDs)
of our studied stars, in Sect. 6 we discuss the evolutionary state
of our most luminous targets and provide a detailed description
of the new YHG candidate star 2, and in Sect. 7 we briefly sum-
marize the results of the present work.
2. Selected sample and observations
The most luminous YSGs occupy the same region on the HR di-
agram as their post-RSG counterparts, YHGs. We selected can-
didate YHGs among the sample of candidate YSGs in M33 re-
ported by Drout et al. (2012), as objects with log L/L⊙ > 5.
Our luminosity threshold is below the expected boundary for
a YHG because the L value can be underestimated due to un-
certainty in the distance and the local extinction. In addition,
log L/L⊙ ∼ 5 corresponds approximately to an upper theoretical
limit for the instability strip (Ekström et al. 2012) and hence pre-
vents the selection of Cepheids. The work of Drout et al. (2012)
exploited the optical photometry from the Local Group Galax-
ies Survey (LGGS; Massey et al. 2006) to detect YSGs in M33
based on their B − V color. We selected 53 bona fide YSGs
with log L/L⊙ > 5 that were flagged by Drout et al. (2012) as
“rank 1” stars showing velocities consistent to that of M33 and a
strong O i feature typical of supergiants. During the preparation
of this manuscript, Massey et al. (2016) and Gordon et al. (2016)
spectroscopically confirmed 17 and 29 YSGs in our sample, re-
spectively. The latter study further suggested 12 YSGs from our
list as post-RSG candidates, showing mass loss via stellar winds
and/or surrounding dust. In total, 36 of the 53 YSGs were as-
signed an AFG spectral type from the literature.
We matched our sample to the 2MASS catalog (Cutri et al.
2003) and all but two sources yielded near-infrared (NIR) coun-
terparts. To provide evidence of circumstellar dust, our objects
were matched to the catalog of ∼ 50 000 mid-infrared (MIR)
point sources in M33 provided by Thompson et al. (2009), ob-
tained from multi-epoch imaging with Spitzer. Adopting a search
radius of 1′′, we found 40 stars detected at both 3.6 µm and 4.5
µm. In addition, we matched the 53 YSGs with the WISE cat-
alog (Wright et al. 2010) using a 6′′ radius equal to the preci-
sion of WISE at 3.4, 4.6, and 12 µm, and noted whether two
or more 2MASS or Spitzer sources were detected within 6′′. Fi-
nally, the targets were checked against variability surveys in M33
by Shporer & Mazeh (2006) in the visual and McQuinn et al.
(2007) in the infrared. A search against variable sources from
the catalog of Hartman et al. (2006) yielded no matches. The re-
sulting near- and mid-infrared photometry with uncertainties and
reported spectral types of the 53 stars is provided in Table 1. We
indicate cases where photometry corresponds to an upper limit
with a ‘U’. The stars are sorted by decreasing luminosity from
Drout et al. (2012) and for brevity, designation based on this or-
der is hereafter used.
2.1. Photometric observations
The central part of M33 was monitored in B,V, Ic as part of the
DIRECT project (Stanek et al. 1998; Bonanos et al. 2003, and
references therein), which constituted the first large-area CCD-
based synoptic survey of M33. The corresponding database pro-
vided by Macri et al. (2001) was matched with our list of lumi-
nous YSGs and light curves were complemented with BVIc ob-
servations taken between 2002 and 2006, resulting in a time span
of approximately nine years. A detailed description of the latter
photometry is presented in Pellerin & Macri (2011). Of the 53
YSGs, we excluded those stars with a V−band J variability in-
dex (Stetson 1996) lower than 0.75, and eventually studied 21
stars with available light curves in all three filters. The resulting
photometry on average consists of 40, 150, 90 datapoints in the
B−,V− and Ic−band, respectively. The time-series photometry
of the 21 YSGs is available in its entirety in a machine-readable
form at the CDS. A portion that contains the first three B−band
measurements of star 1 is shown in Table 2 for guidance regard-
ing its form and content.
2.2. Spectroscopic observations
We undertook spectroscopy of four dust-enshrouded targets,
stars 1, 2, 44 and 46 (namely LGGS J013349.86+303246.1,
LGGS J013358.05+304539.9, LGGS J013415.42+302816.4,
LGGS J013442.14+303216.0) chosen as YSGs with MIR ex-
cess attributed to the presence of warm circumstellar dust. Ac-
cording to the roadmaps of Bonanos et al. (2009, 2010) for mas-
sive stars with known spectral types in the Large and Small
Magellanic Cloud, YSGs typically display [3.6] − [4.5] ≤ 0.1
mag. We plotted our sample on a MIR color-magnitude dia-
gram (CMD) as shown in the left panel of Fig. 1 and selected
the four sources with [3.6] − [4.5] > 0.25 mag, which, interest-
ingly, are the most luminous YSGs at 3.6 µm with M3.6 ≤ −11
mag. Conversion to M3.6 is done using a distance modulus of
24.92 mag for M33, derived from the study of an O−type de-
tached eclipsing binary (Bonanos et al. 2006). Furthermore, the
J − Ks color was plotted against the Ks − [4.5] on a color-color
(CCD) diagram shown in the right panel of Fig. 1, where our
four selected sources display Ks − [4.5] ≥ 0.76 mag. Stars 6 and
13, which are reported as YHG candidates in the present study
are also shown, using their available photometry from WISE at
3.4 and 4.6 µm. The whole sample resides within the J − Ks
values reported in Neugent et al. (2012) for YSGs, when cor-
rected for the extinction of M33 (AV = 0.4 mag; Massey et al.
2007) and using the relation E(J − K) = 0.535 × E(B − V)
(Schlegel et al. 1998). We added a fifth spectroscopic target, star
3 (LGGS J013411.32+304631.4), with Ks − [4.5] = 0.85 mag
and M3.6 ≤ −10.8 mag. For comparison, in both the CMD and
CCD of Fig. 1 we show the location of the YHG Var A and
the candidate YHG B324 in M33, as well as that of the Galactic
YHG ρ Cas, for which uncertainty in the photometry is not avail-
able due to its high brightness. For the latter object, a distance
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modulus of 12.5 mag (Zsoldos & Percy 1991) is used to obtain
the absolute magnitude.
Optical long-slit spectroscopy for the five dusty YSGs was
obtained on UT 19 Aug 2014 with the Optical System for Imag-
ing and low-intermediate-Resolution Integrated Spectroscopy
(OSIRIS), installed on the Nasmyth-B focus of the segmented
10.4m Gran Telescopio Canarias (GTC). The instrument is
equipped with a mosaic of two 2048 x 4102 detectors, with a
7.8′ x 7.8′ unvignetted field of view and a pixel scale of 0.254′′
pixel−1 for the standard operation mode using a 2 x 2 binning.
We selected the R1000R grism that covers the wavelength range
5 100 − 10 000 Å and a slit width of 1.2′′ yielding a resolution
R of approximately 700 − 750 as measured from the full-width
at half maximum (FWHM) of sky lines in the region of the Ca ii
triplet (∼ 8 500 Å). The slit was set along the parallactic angle
(north-south), with an exception for star 3 in order to include
a bright source located 25′′ east of the target. A 1′ x 1′ spatial
view of each object and the orientation of the slit is shown in the
left panels of Fig. 2. We additionally provide a two-dimensional
view of the GTC spectrum centered on the Hα feature in the right
panels of Fig. 2, to evaluate the possibility of contamination of
the line by extended nebular emission. Depending on the bright-
ness of the objects in the V−band (16 − 17.3 mag), the exposure
time ranged from 100 to 600 sec resulting in a signal-to-noise ra-
tio (SNR) of 60−120. A log of the observations is provided in Ta-
ble 3. The five spectra were bias-subtracted and flat-normalized
using basic IRAF routines1. For the wavelength calibration, ex-
posures of HgAr, Xe and Ne lamps were taken following the ob-
servations. A low-order cubic spline was used to normalize the
spectra, which are displayed in Fig. 3. We similarly extracted
the spectra of additional stars that were found in the slit during
our observations, which turned out to be absorption-line spectra
of foreground dwarfs or spectra with sufficiently low SNR to be
accurately classified.
We also undertook NIR spectroscopy of two objects in M33,
namely star 2 and the candidate LBV/YHG B324. The former
was among the five YSGs observed with GTC that turned out to
be a rather promising target for understanding the late evolution
of massive stars. Observations were taken on UT 5 Oct 2015,
with the Infrared Camera and Spectrograph (IRCS) mounted
on the Nasmyth focus of the 8.2m Subaru Telescope at Mauna
Kea. The camera is equipped with a 1024 x 1024 detector and
a 54′′ field of view. We used the K−band grism with a 52 mas
pixel scale that covers the wavelength range 1.93 − 2.48 µm.
By measuring a FWHM of 13 Å for an unblended Argon fea-
ture at 21540 Å of the comparison lamp, we derive a resolu-
tion of R ∼ 1700. For an accurate sky subtraction, both objects
were observed in an object-sky-object (OSO) sequence with a
300 second time per exposure. We conducted 1.5 OSO and six
OSO sequences for the B324 and star 2, respectively. A log of
the NIR observations is provided in Table 3. The spectra of each
object were combined and wavelength-calibrated following the
standard procedure with IRAF. To correct for the atmospheric
transmittance, the bright late-B dwarf HD 1606 was observed be-
tween the two objects and was similarly extracted as described
above. The intrinsic Brγ feature at 2.166 µm of the standard star
was masked by interpolating the continuum level. We then used
the task telluric to optimally scale the standard spectrum and di-
vide the spectra of the objects. Unfortunately, due to bad weather
1 IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Sci-
ence Foundation.
conditions we could not obtain a sufficiently long exposure for
the faint star 2, which is the reason for the rather low SNR (∼ 15)
of the data. We therefore were not able to further analyze the
spectrum of star 2. The K−band spectrum of B324 is shown in
Fig. 4. We indicate the rest wavelengths for the spectral lines of
Brγ, Na i, Ca i, and CO. Notably, emission of Na i is visible in
the spectrum of the object.
3. Analysis of the optical spectra
The observed optical wavelength range is essential for estimat-
ing the parameters of YSGs because it contains the Ca ii triplet
at 8498.02, 8542.09 and 8662.14 Å, which is prominent in
stars of mid-F to early-M spectral type. For giants with tem-
peratures above 5 500 K, the red wings of the feature are sig-
nificantly blended with hydrogen lines of the Paschen series.
This temperature threshold decreases with increasing luminos-
ity (Chmielewski 2000). To determine the spectroscopic temper-
ature for the three targets showing Ca ii in absorption, we em-
ployed the generic index CaT* (Cenarro et al. 2001) that mea-
sures the equivalent width of the integrated Ca ii triplet, cor-
rected for the contamination from the adjacent Paschen lines.
The strength of the latter is described by the index PaT and
both indices for each star are provided in Table 4. We then es-
timated Teff and logg by interpolating on a grid of stellar at-
mospheric parameters as a function of CaT* and PaT, shown
in Fig. 5. These parameters were derived from the empirical fit
using a NIR library of approximately 700 stars (Cenarro et al.
2002) at [Fe/H] = 0. We note that the dependence on metallic-
ity is stronger with increasing temperature. Employing models
at [Fe/H] = −0.5, the inferred gravity and temperature for the
two stars with Teff < 6 000 K decrease by about 0.5 dex and 100
K, respectively, whereas for the hotter case, by almost 1 dex and
500 K, respectively.
A close-up view of the Ca ii triplet in emission for stars 2 and
44 is shown in the left panel of Fig. 6. For comparison, we su-
perpose two ATLAS9 synthetic spectra of 5 500 K and 6 250 K
by Munari et al. (2005), at solar metallicity. The templates were
broadened to match the resolution of our data, normalized and
optimally blueshifted to fit the P14 hydrogen line at 8598.4 Å.
The temperature of the models is selected to match the SED-fit
temperature discussed in Sect. 5. We stress that, for stars exhibit-
ing intense mass loss, hydrogen lines are not an optimal tracer of
the stellar photosphere and are frequently filled in by emission,
thus resulting in a pseudo-cooling of the effective temperature.
Therefore, we do not attempt to estimate spectroscopic Teff val-
ues for these stars, because high-resolution spectroscopy of reli-
able photospheric lines (such as Fe) is needed.
The Hα line in emission constitutes a fundamental mass-
loss tracer, which allows inference on the wind structure of
hot supergiants (Petrov et al. 2014) and warm hypergiants (e.g.
de Jager et al. 1997). In addition, the O i feature at 7774 Å serves
as an indicator for the luminosity of AFG type supergiants
(Arellano Ferro et al. 2003a) and exhibits a strong dependence
on the temperature for Teff < 6 000 K (Kovtyukh et al. 2012).
We derived radial velocities and equivalent widths for the O i
line and the central Hα component by fitting gaussian functions
with the IRAF splot routine. The values are provided in Table 4.
Errors were estimated using a Monte Carlo simulation with 100
samples, assuming a Gaussian sigma of the noise that was equal
to the root-mean-square measured from continuum regions. The
barycentric correction was calculated and the value of 25 km s−1
was added to the measured velocities. We additionally provide
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values for MV based on the strength of the O i 7774 Å blend, fol-
lowing the equations by Arellano Ferro et al. (2003b). We infer
luminosities using bolometric corrections from Flower (1996)
for temperatures derived from the fit of the multi-band photom-
etry, as discussed in Sect. 5. We briefly describe each of the five
spectra in the following paragraphs, whereas in Sect. 6 we dis-
cuss their evolutionary state.
Star 1
The absorption spectrum of the star is typical of a yellow super-
giant and both works by Massey et al. (2016) and Gordon et al.
(2016) agree to a late-F or early-G spectral type. The strengths
of the Ca ii and the Paschen series in the GTC spectrum indi-
cate a Teff = 5 500 − 5 600 K and logg ∼ 0.8, as inferred from
Fig. 5. We report disagreement between our radial velocity mea-
surements and the value given in Drout et al. (2012) by 70− 100
km s−1.
Star 2
The obtained spectrum shows emission in the Ca ii triplet, which
is expected in the spectra of YHGs, being indicative of gaseous
circumstellar ejecta (Humphreys et al. 2013). Emission is evi-
dent for Hα and does not appear to extend north- and southwards
of the target along the slit (Fig. 2), hence denoting a stellar ori-
gin due to mass loss. The absence of [S ii] at 6717 and 6731 Å
in emission also renders nebular contamination less likely. We
measure broad asymmetric wings at velocities of −660± 30 and
520 ± 30 km s−1 from the core of the line as shown in the right
panel of Fig. 6. These values are unrealistic for wind outflow
velocities, indicating a contribution from lines other than Hα.
The blueshifted component is likely due to [N ii] emission. The
[N ii] contribution on the red wing contributes less flux, hinting
toward the presence of a strong, redshifted Hα component. A
high-resolution spectrum would clearly resolve the profile and
allow measurement of the outflow velocity. We derive velocities
for the central Hα component and the O i line of −320 ± 5 and
−284±12 km s−1 respectively, which both deviate from the value
of −214 km s−1 measured by Drout et al. (2012). Nevertheless,
our velocity measurement for O i is in good agreement with the
expected value of −261 km s−1, which was provided by the latter
study as a function of the position and the radial distance of the
object from the center of M33. Discrepancies among the studies
are likely to arise due to pulsational activity. The measured ve-
locities of the individual Ca ii components yield blueshifted val-
ues of approximately −420 km s−1 that are likely overestimated
given that the emission is partly washed out by the absorption of
the adjacent hydrogen lines.
Star 3
Interpolation of the inferred indices for the Ca ii triplet and the
neighboring hydrogen lines from Fig. 5 yields a Teff = 7 000 K
that agrees with the value of Drout et al. (2012). We find a large
surface gravity of logg=3 that conflicts with the luminosity value
log L/L⊙ > 5.1 measured from the strong O i blend. The latter
value of luminosity is also supported from the fit of the SED
(Sect. 5), which implies values of gravity logg <1.5. We attribute
the discrepancy either to the low SNR of the spectrum or to the
fact that the Ca ii/Paschen blend could be filled in by emission.
We derive consistent radial velocities for the absorption of Hα
and O i lines at −275 and −280 km s−1, respectively, which do
not conflict with the expected velocity of −261 km s−1 for the
position of the object in M33.
Star 44
Known as N125093 in the literature, the star is suggested by
Humphreys et al. (2013) as a candidate YHG based on signa-
tures in its spectrum of an expanding shell and a low density
circumstellar environment. Moreover, emission due to the sur-
rounding dust emerges in the infrared regime. We confirm the
presence of Ca ii and that of [Ca ii] in our spectrum. We mea-
sure broad emission wings red- and blueward of the central Hα
component as displayed in Fig. 6, at velocities of 570 ± 10 and
−680±10 km s−1, respectively. As in the case of star 2, emission
of [N ii] is blended with the wings of the Hα line. The recent,
moderate-resolution spectroscopy by Gordon et al. (2016) con-
firms the presence of the [N ii] λ6548, 6583 lines. The measured
velocity of the main Hα feature deviates by ∼ 100 km s−1 with
respect to that of O i, indicating emission that arises in different
regions of the star.
Star 46
The star displays emission of Hα and a weak presence of
blueshifted [S ii] at 6717 and 6731 Å arising from nebular con-
tamination. We find evidence of Hα emission ∼ 7′′ north of the
target as shown in Fig. 2. We do not report wings of the feature
as in the two previous cases with hydrogen emission, although
a weak redshifted emission feature could be present due to elec-
tron scattering. The weak absorption of O i is due to the relatively
low luminosity and temperature of the star, which is also con-
firmed from our fit of the multi-band photometry, as discussed
in Sect. 5. In addition, the instrinsic absorption of O i could be
masked due to the observed nebular emission of the O i line at
8446 Å. We do not provide a velocity measurement for the O i
7774 Å line because it is affected by noise.
4. Temperature variability
Having obtained the BVIc light curves of 21 luminous YSGs, we
searched for possible variations in the spectral type of the ob-
jects on a timescale of approximately nine years. The data were
binned into intervals of four days to discard possible outliers in
the photometry but preserve short-term variations. For each bin,
the mean magnitude was calculated, weighted by the uncertainty
of the measurements. The standard deviation of the data points
was adopted as a conservative value for the uncertainty of the
binned measurement. We then proceeded to use only those bins
that had both B − V , V − Ic colors available and for each bin we
determined Teff by fitting to synthetic models.
The 21 YSGs with available time-series photometry are lo-
cated within 17′ from the center of M33, corresponding to 4 kpc.
At that radius, the global metallicity is similar to solar metallic-
ity, based on the metallicity gradient derived by Urbaneja et al.
(2005) with the use of B-type supergiants. We employed the up-
dated ATLAS9 atmospheric models by Howarth (2011) with a
canonical turbulent-velocity parameter vt = 2 km s−1, at solar
metallicity. According to the stellar models by Ekström et al.
(2012), our studied region of the upper HR diagram is occu-
pied by models with logg < 1.5, depending on the evolutionary
state of the star. We used ATLAS9 models with logg = 0.5 that
range from 3500 K to 7500 K, while for stars showing higher
temperatures we adopted models with logg = 1.0 that reach
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8750 K. For each BVIc bin, we ran a χ2-minimization algorithm
over a Levenberg-Marquardt fitting scheme, leaving the temper-
ature of the model and the scaling factor as free parameters.
The color excess for each target was adopted based on colors
of nearby early-type stars. In particular, we averaged the color
excesses of all OB- and A-type stars from Massey et al. (2016)
within 0.5′ from each target when available, and corrected for
their intrinsic colors from Fitzgerald (1970). In the absence of
such stars, we adopted the average reddening of M33, namely
E(B−V) = 0.13±0.01 mag (Massey et al. 1995). Standard mag-
nitudes were converted to fluxes using the zero points provided
by Bessell et al. (1998). The SEDs were reddened according to
the extinction laws by Cardelli et al. (1989) and assuming a total-
to-selective extinction ratio RV = 3.2. For each bin, we ran the
fitting routine for 1000 different sets of the BVIc photometry and
the reddening, which were randomly selected within their uncer-
tainties. To account for the 250 K step of the Kurucz models, we
ran a second bootstrap procedure on the derived sample of tem-
peratures, randomly selecting them within ±125 K. The resulting
Teff values for every studied YSG are plotted in Fig. 7.
We compared our temperatures to the values provided by
Drout et al. (2012), which were determined upon transforma-
tion of the B − V color measured by Massey et al. (2006) in Sep
and Oct of 2000 and 2001, and we report discrepancies that oc-
cur mainly due to three reasons. First, Drout et al. (2012) used
lower-metallicity Kurucz models (Z = 0.6 Z⊙) that yield slightly
cooler temperatures. Second, in our work we fit all BVI−bands
whereas in Drout et al. (2012) only B−V was used to determine
temperatures. Finally, intrinsic variability of the star may cause
discrepancies.
When inspecting the calculated temperatures in Fig. 7, one
may notice a dispersion of individual points that on average does
not exceed ∼ 250 K from the baseline. This could be due to
uncertainties in the photometry or even to low-amplitude vari-
ations arising from mechanisms such as pulsations (Stothers
2012), the study of which is beyond the scope of this work.
On the other hand, a systematic high-amplitude trend of the
baseline could imply critical photospheric activity typical of the
“bounces” of YHGs. We adopted the median absolute deviation
(MAD) as a statistical method to define variability in our sample
(Sokolovsky et al. 2017). We measured the MAD of tempera-
tures for each of the 21 lightcurves yielding a mean value of 40
K with a standard deviation 45 K. Stars 2 and 51 stand out with
a significance above 2σ, with MAD values of 160 K and 140
K, respectively. Both stars display variations in the temperature
with amplitude equal or larger than 500 K.
5. Spectral energy distributions
We proceeded to investigate any possible connection between
the parameters determined from the DIRECT monitoring and
the properties of the surrounding dust indicated by the infrared
excess. We built the SEDs of our 21 selected YSGs, comple-
menting the 2MASS photometry with the infrared photometry
from Spitzer and WISE. To eliminate possible contamination
from nearby sources in the infrared, we discarded the WISE pho-
tometry from the fit when more than two sources from 2MASS
and/or Spitzer were found within the matching radius of 6′′ and,
at the same time, the coordinates of the WISE source deviated
significantly (& 5′′) from those of the optical source. Following
the above criterion, the WISE photometry was not included for
stars 14, 26, 29, and 40, for all of which it was also found to be
in an evident disagreement with the similar IRAC bands from
Spitzer.
The flux fλ measured from a star with dust excess at a dis-
tance D, at a wavelength λ, reddened to extinction A(λ), can be
written as
fλ =
( R
D
)2
× Fλ(T⋆) × 10−0.4A(λ) +∑nj C jλ−βBλ(T j) (1)
where R is the stellar radius, Fλ is the surface flux of the AT-
LAS9 model corresponding to an effective temperature T⋆, and
Bλ is the Planck function of a modified blackbody with an emis-
sivity spectral index β, to approximately model the j-th dust
component with temperature T j and scale factor C j. We ran the
Levenberg-Marquardt fitting-algorithm over the grid of models
described in Sect. 4, to fit the optical and infrared data of each
target and obtain the radius and effective temperatures of the
star and its dust components. The dust-emissivity index β was
set equal to the typical value of 1.5 and a distance of 964 ± 54
kpc (Bonanos et al. 2006) was adopted. For consistency, we av-
eraged the DIRECT data of the observing window around JD
2 450 700, to obtain the optical BVIc counterpart that was clos-
est to the date of the 2MASS observation (∼ JD 2 450 790). The
number n of the dust components was chosen each time as the
minimum to optimize the fit to the infrared data. The best-fit
SEDs to the observed photometry are shown in Fig. 8. Bolomet-
ric luminosities were calculated by integrating the resulting com-
posite SEDs, which were corrected for the interstellar extinction,
up to 8 and 22 µm. Integration to 22 µm is separately provided
to evaluate the contribution of possible MIR contamination from
nearby PAH emission. As in Sect. 4, uncertainties were derived
using a bootstrap procedure that runs the fit routine for 1000 sets
of the input parameters (photometry, reddening, and distance)
randomly selected within their errors. We note that the luminos-
ity error bars are dominated by the error in the adopted distance.
The resulting effective temperatures, radii, bolometric luminosi-
ties, and dust temperatures, along with their 1σ-uncertainties,
are provided in Table 5.
The SED-fit luminosities of the two most luminous YSGs,
stars 1 and 2, appear to agree within errors to the luminosity es-
timates from the calibration of the O i feature in the GTC spec-
tra. This agreement, however, is marginal for star 1, given that
the strength of O i is additionally sensitive to the temperature
for Teff < 6 000 K. The rather strong O i line of star 2 implies
a higher temperature than that found by the SED fit (5 500 K).
The observed strength of the P14 line with respect to that of a
5 500 K synthetic model also supports this conclusion (Fig. 6).
A higher reddening value would obviously yield a higher SED
temperature, however, later in this paper we infer a small value
of the reddening from the optical photometry. Variability in the
temperature between 1997 and 2014 would clearly justify this
disagreement.
We find that eight out of 21 YSGs display evidence of hot
dust with temperatures up to ∼ 1 200 K, and eight stars show
emission of cool dust with temperatures up to 180 K. Of the
above, six YSGs display both hot and cool emission with the
majority of them having luminosities log L/L⊙ ≥ 5.3. Star 33
and possibly star 40 exhibit a NIR excess indicative of free-free
emission from stellar winds. In addition, star 6 was matched with
one 2MASS source within 6′′, but modeling with a blackbody
does not allow to simultaneously fit both the near- and mid-IR
fluxes. Because observations from the two surveys are separated
in time, this could imply variability in the circumstellar environ-
ment of the star. Star 48 has a questionable dust excess and is
designated with a ‘?’.
Article number, page 6 of 24
Kourniotis et al.: YHGs in M33
In addition to the 21 YSGs with time-series photometry, we
similarly fit the SEDs for the three YSGs with spectra from GTC
by employing UBVRI counterparts from Massey et al. (2006)
and ATLAS9 models with logg = 0.5.
– For the fit of N125093 (star 44) we adopted AV = 1.6
mag (E(B − V) = 0.5 mag) measured by Humphreys et al.
(2013). A spectrum with a temperature consistent to the
SED-inferred one fits the observed P14 line well (Fig. 6),
although, as previously stated, one should not rely on this
agreement to infer spectroscopic Teff values.
– The hotter star 3 shows a discrepancy between the MIR
photometry and 2MASS, with the former indicating ther-
mal emission from dust with T = 1 200 K. We found no
second 2MASS or Spitzer source within 6′′ from the target
and therefore, photometry likely originates from an infrared-
variable source. The integrated luminosity of log L/L⊙ ∼
5.6 is consistent with the high luminosity indicated by the
strength of O i, and both deviate from the value derived from
the Ca ii/Paschen region. As noted in Sect. 3, filled-in emis-
sion of hydrogen could explain this discrepancy. At the same
time, weakened hydrogen lines would result in an underesti-
mation of the modeled temperature. Obviously, the SED-fit
temperature of star 3 is hotter than the spectroscopic temper-
ature of 7 000 K, which could support this statement.
– For star 46, a second source at 3.5′′ from the target is found
in both 2MASS and Spitzer databases. Since the IRAC [3.6]
and [4.5] measurements for the object match these from
WISE at the W1, W2 bands, uncertainty due to contamina-
tion would mainly concern the cool infrared excess.
The fitted SEDs of the three spectroscopic targets are shown in
Fig. 9, with the corresponding parameters being listed in Table
6. Armed with spectroscopy, SED-fit parameters and, for stars 1
and 2, a long-term photometric monitoring, we discuss the evo-
lutionary state of the most luminous targets in the following sec-
tion.
6. Discussion
The SED-fit parameters of the 21 YSGs along with the three ad-
ditional spectroscopic targets, stars 3, 44, and 46, are plotted on
the HR diagram in Fig. 10. Error bars represent 2σ uncertainties.
We show the integrated luminosities at 22 µm because the addi-
tional energy output compared to the 8 µm-integrated energy is
small with an exception for star 13. We show both borders of the
YV proposed by Humphreys et al. (2002) and de Jager (1998)
with luminosity log L/L⊙ > 5.4. Both sets of evolutionary tracks
by Ekström et al. (2012) at solar metallicity are shown, without
rotation and assuming initial rotation at the 40% of the critical
velocity. Our studied sample displays initial masses of 20 − 40
M⊙ derived from the non-rotating models and ∼ 18 − 35 M⊙
assuming rotation.
Dust excess is not found for stars below log L/L⊙ ∼ 5.2,
which could imply a lower threshold for the post-RSG evolution
in M33. Notably, this limit is also supported by the blueward
turn of the 20 M⊙ rotating model and is consistent with the re-
sults of Smartt et al. (2009), which confine the RSG progenitors
of Type II-P SNe below 17 M⊙ and predict the blueward evo-
lution of their more massive counterparts. A lack of YSGs with
Teff > 7 000 K above log L/L⊙ ∼ 5.35 is evident, with the excep-
tion of star 3. It is interesting that, all seven stars of our sample,
stars 1, 2, 3, 4, 6, 13 and 44, which occupy this upper region in
the HR diagram, display both hot and cold dust emission. Be-
ing in agreement with the constraints set by the YV, these serve
as potential YHGs. An eighth target, the less luminous spectro-
scopic star 46, displays a similar infrared profile. Gordon et al.
(2016) obtain moderate resolution spectroscopy for four of these
targets, stars 1, 4, 44 (Sect. 3), and 46. Although their observa-
tions do not cover the critical Ca ii near-infrared region, they pro-
vide sufficient resolution for the detection of forbidden lines such
as [N ii] λ6548, 6583 and [Ca ii] λ7291, 7323 that emerge from
gaseous extended envelopes and are frequently found in the op-
tical spectrum of YHGs (e.g. Lobel et al. 2013; Chesneau et al.
2014; Aret et al. 2016). By combining the available spectropho-
tometric data for each of the eight stars, we discuss their evolu-
tionary state.
– The DIRECT long-term photometry of star 1 indicates an in-
variant temperature in agreement with our spectroscopic one
and therefore, we cannot claim variability typical of a YHG
“bounce” in the last 20 years. We found emission of [N ii]
and [S ii] along with narrow, single-component emission of
Hα in the spectrum of Gordon et al. (2016), which may be
attributed to insufficient sky/nebular subtraction. No [Ca ii]
is evident. Our absorption spectrum of star 1 implies that the
star has not yet evolved as a YHG.
– The location of star 3 on the HR diagram denotes that, if the
star exhibited a post-RSG state, it would reside inside the
YV. Our absorption spectrum, however, is not indicative of
a star showing atmospheric instability and intense mass loss.
We therefore find star 3 to be a luminous YSG.
– Star 4 was not among our spectroscopic targets, however, the
moderate resolution spectrum by Gordon et al. (2016) shows
weak [N ii] and [S ii] emission, lacks [Ca ii], and further dis-
plays hydrogen in absorption, which is typically found in the
spectrum of YSGs.
– Star 44 (N125093) was suggested by Valeev et al. (2010)
as a candidate LBV, based on their derived luminosity
log L/L⊙ = 6.3 − 6.6. In the present study, we measure a
luminosity log L/L⊙ = 5.72 ± 0.06. The updated position
of N125093 on the HR diagram favors the classification of
Humphreys et al. (2013) as a YHG candidate in accordance
with both their and our spectroscopic diagnostics. The ex-
tended flat excess in the infrared regime of the star was fit
with three dust components, which could be interpreted as
dust layers formed during past mass loss events, which are
expanding at different distances from the star. The spectrum
by Gordon et al. (2016) shows emission of [Ca ii] and [N ii],
with the latter being blended with the wings of a strong and
broad Hα emission line.
– We examined the possibility that star 46 exhibits an increased
reddening caused by self-obscuration, which could result in
an underestimation of the luminosity. The spectroscopic sur-
veys of Massey et al. (2016) and Gordon et al. (2016) assign
a spectral type to the star of G0Ia and F8, respectively, that in
turn indicate an intrinsic (B−V)0 = 0.69±0.14 mag. Correc-
tion of the mean DIRECT B−V value yields a low reddening
of E(B − V) = 0.17 ± 0.14 mag. Applying this value to our
analysis yields a luminosity of log L/L⊙ = 5.28 ± 0.07 that
is still below the limit to qualify as a YHG. In addition, no
forbidden emission is shown in the spectrum of Gordon et al.
(2016). We conclude that the star is likely affected by nebu-
lar emission from its surroundings, although the warm dust
emission contributes a significant amount of energy above
the photospheric component.
We searched the literature for evidence that would aid us
in our classification of the unexplored stars 2, 6, and 13
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as YHGs. We found that all three stars were characterized
by Shporer & Mazeh (2006) as variable sources from their
V−band monitoring of M33 during the period 2000 − 2003. We
added their published light curves to our DIRECT ones, hav-
ing first corrected for an offset of 0.25 mag as indicated by
Shporer & Mazeh (2006) for stars of V = 16 − 16.5 mag. For
star 6, we report a periodic variability of approximately 400 days
with an amplitude measured to be roughly 0.4 mag. A lower-
amplitude variability of ∼ 0.1 mag is also shown for star 13, al-
though periodicity is not as clear. Both stars show fluctuations in
the photometric temperature that do not exceed 250 K (Fig. 7),
which may indicate pulsational activity. Whether the observed
modulation is associated with the physics of a post-RSG state
requires future spectroscopic investigation and hence, we clas-
sify these stars as YHG candidates. On the other hand, star 2
exhibits significant variability in both the V−band light curve
and the photometric temperature, which is further supported by
the optical spectroscopy presented in the current study.
The less luminous stars 15, 29, 31, 32, and 33, show infrared
excess emerging from one or two dust components, with star 33
displaying free-free emission in the NIR due to winds. A mod-
erate resolution study is only available for star 15, which inter-
estingly shows blueshifted emission of [O i]. We classify these
stars as post-RSGs candidates to be further explored by follow-
up spectroscopy.
6.1. Star 2
The light curves of star 2 in B, V and Ic from DIRECT along with
the V-band light curve from Shporer & Mazeh (2006) are shown
in the upper panel of Fig. 11. Uncertainties are on the order of
0.01 mag. In the middle panel, the fit to the DIRECT photometry
with synthetic models indicates a decrease in temperature after
JD 2 451 500, which at first glance, has an amplitude of 750 K
compared to the temperatures derived by measurements at the
beginning of the monitoring. The binned BVIc photometry and
the derived Teff values are listed in Table 7. Our analysis assumed
a reddening fixed to the average value of M33, given that model-
ing above 6 000 K is constrained by the degeneracy between Teff
and AV when proceeding with the B−V and V − Ic colors. In the
temperature range 4 750 − 6 000 K of star 2 however, both Teff
and AV are well determined by the observed colors. To illustrate
this, we built a grid of the effective temperature of the Kurucz
models and the visual extinction with a step of ∆AV = 0.2 mag
as a function of the two colors, as shown on the CCD in Fig.
12. The synthetic B − V , V − Ic colors were defined for each
reddened Kurucz model using the zeropoints for the respective
color indices provided by Bessell et al. (1998). The binned color
data of star 2 are superimposed on the grid and are color coded
as a function of time. As noted, the degeneracy between Teff and
AV for temperatures above 6 000 K is strongly evident, and the
DIRECT observations are well confined below 6 000 K.
We therefore repeated the fitting process described in Sect.
4, with AV as a free parameter. The results are shown in the
lower panel of Fig. 11 and are listed in Table 7. Compared to
the temperatures derived with a fixed AV , an increase in the Teff
is now shown around JD 2 451 400 followed by an increase in
the AV . Uncertainties in the estimated values in this observing
window are clearly larger, which is partly attributed to the un-
certainty in the averaged photometric data, but could also imply
an increase of temperature to around and above 6 000 K where
parameters are not well-constrained due to the aforementioned
degeneracy. On average, the new extinction values for star 2 are
slightly lower than the average extinction of M33 but similar to
the values found for other supergiants in M33 (Table 5). We find
a good agreement between the parameters derived from the χ2-
minimization and those inferred from interpolating the binned
color data on the grid of parameters in Fig. 12.
The decrease in the temperature of star 2 appears to follow
a notable event shown in the middle of the observing coverage.
The suppression of the visual light curve from Shporer & Mazeh
(2006) around JD 2 451 800 indicates a large drop that exceeds
0.5 mag in depth. The faint point obtained on JD 2 451 545 in
both B and V for DIRECT helps to roughly constrain the mini-
mum of the event to around JD 2 451 675, mid-May 2000. We
outline some remarkable similarities to the light curve of the
well-studied YHG ρ Cas, which was thoroughly investigated by
Lobel et al. (2003).
In late 2000, the YHG ρ Cas exhibited a dimming of 1.2−1.4
mag following the so-called millenium outburst that caused an
apparent drop in the temperature of ∼ 3 000 K. During the drop,
high resolution spectroscopy revealed the formation of a cool
TiO envelope, which expanded faster than the photosphere and
lasted for almost half a year. The increase in the V−band bright-
ness in ρ Cas prior to the dimming indicates the heating of the
atmosphere at ∼ 8 000 K, which is the temperature for the partial
ionization of hydrogen. Driven by the energy of recombination
during the expansion, the outburst resulted in a high mass-loss
rate of ∼ 5 × 10−2 M⊙ yr−1. In addition to the dimming, the light
curve of ρ Cas displays fluctuations that are attributed to photo-
spheric pulsations and changes in the temperature of 500−800 K.
Star 2 similarly exhibited a large drop in the V−band almost
six months before the dimming of ρ Cas that coincides with
the evident decrease in temperature. The composite visual light
curve of star 2 indicates additional dips around JD 2 452 300 and
2 452 890 with a duration of less than 200 days that may cor-
respond to pulsational activity similar to that of ρ Cas. Prior to
the large decline, star 2 reached a visual maximum of 15.9 mag,
which is associated with an increase in the value of AV , imply-
ing a high mass-loss episode similar to the outburst of ρ Cas. We
caution that our analysis could have underestimated the param-
eters during the outburst, owing to the inability of the Kurucz
LTE models to account for the atmospheric instability and the
possible non-spherical mass loss of a YHG when it approaches
the YV.
Unfortunately, we lack photometric observations during the
minimum of star 2 that would specify the coolest epoch of the
star. Almost three years after the DIRECT measurements of
1999, star 2 was cooler by at least 500 K. As previously noted,
compared to a 5 500 K model for the pre-outburst state of 1997,
the GTC spectrum from 2014 shows a stronger hydrogen feature
at∼ 8598 Å (Fig. 6) that is in line with the increase in the temper-
ature shown at the end of the photometric monitoring. Had the
star exhibited a so-called “bounce”, this gradual heating would
be justified by the recovery of the star back to its warm evolu-
tionary state, having exhibited a large change in its atmospheric
thermal structure or in the opacity of the wind. In the former
case and assuming a constant luminosity, the observed change
in temperature implies an expansion of the stellar radius by ap-
proximately 48%. For comparison, ρ Cas showed a displacement
in the radius by approximately 25% over a single pulsational pe-
riod in 1970 (Lobel et al. 1994) and by a factor of two during the
outburst of 2000 (Lobel et al. 2003).
We classify star 2 as a strong YHG candidate based on the
spectroscopic signs of an extented atmospheric structure, a dust
excess emerging in the infrared regime and an enigmatic color
variability that suggests instability of the outer layers of the star.
The emission of Ca ii is also observed in the spectrum of Galactic
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“hot” YHGs that approach the instability border of the YV, and
has been attributed to the presence of Keplerian rotating disks
that were formed by material expelled in the equatorial plane
(Aret et al. 2016). This scenario would support our conclusion
for star 2 being a YHG located near the YV and would further
suggest the pre-RSG state of the hot star 3 showing Ca ii in ab-
sorption. We emphasize, however, the need of high-resolution
spectroscopy for an accurate YHG classification, which relies
on measuring the intrinsic broadening of the absorption photo-
spheric lines according to the Smolinski criterion.
6.2. B324
In addition to the study of YSGs, we undertook K−band spec-
troscopy of the extreme warm super/hypergiant B324 (LGGS
J013355.96+304530.6) in M33 with IRCS/Subaru. Interestingly,
B324 is located close to star 2 at a projected distance of 30′′
(Fig. 2), corresponding to 140 pc. The true evolutionary state
of B324 is controversial with arguments for both a YHG and an
high-luminous LBV in eruption given in the literature because of
uncertainty in the distance (Clark et al. 2012; Humphreys et al.
2013). Its K−band spectrum is shown in Fig. 4. Typically, the
CO band head profile at 2.3 − 2.4 µm is shown in absorption
for cool supergiants with Teff < 5 000 K. Higher temperatures
cause the dissipation of the molecule, except for the cases when
it is concentrated in disk-like structures as observed in super-
giant B[e] stars and several YHGs that show emission of the
feature (Oksala et al. 2013). Additionally, a small ratio (≤ 15)
of 12CO/13CO is anticipated for evolved stars resulting from an
13CO enrichment on the surface (Kraus 2009). The variable CO
profile of ρ Cas, however, is found to originate close to the stel-
lar photosphere and displays a strong dependence on the pul-
sational cycles, being in emission only at phases of maximum
brightness (Gorlova et al. 2006). Consequently, an absence of
the molecule in emission could be attributed to the geometrical
distribution of the expelled material and thus would not prevent a
YHG classification. For B324, the absence of CO in absorption
is consistent with the warm temperature of the star at 8 000 K
(Humphreys et al. 2013) and blueshifted hydrogen is present in
weak emission indicating mass loss. The most prominent feature
is the strong emission of Na i at ∼ 2.2 µm that is also shown in
the near-infrared spectra of the YHGs ρ Cas, HR8752 and most
prominently of IRC+10420, and is suggested as an indicator for
the overabundance of Na (Yamamuro et al. 2007). Similarities
between the optical spectra of B324 and IRC+10420 are also
pointed out by Humphreys et al. (2013).
7. Conclusions
We have used the catalog of YSGs in M33 from Drout et al.
(2012) to investigate the poorly-studied class of YHGs beyond
the Galaxy. We conducted optical spectroscopy of five lumi-
nous YSGs showing evidence of surrounding dust and addition-
ally focused on the time-variant properties of the 21 most lu-
minous YSGs. We expect variations in their spectral type on
timescales of years or decades because YHGs undergo dramatic
atmospheric changes as they “bounce against the YV”. We made
use of atmospheric models to fit the BVIc long-term photometry
available for the 21 YSGs in an attempt to trace high-amplitude
fluctuations in the apparent effective temperature.
We find that the upper part of the HR diagram (log L/L⊙ &
5.35) is occupied by seven YSGs, stars 1, 2, 3, 4, 6, 13, and
44, which show infrared excess that arises from cold and hot
dust emission. Of these stars, we classify the photometric vari-
ables stars 2, 6, and 13 as YHG candidates, to be confirmed by
follow-up high-resolution spectroscopy. We find the luminous
stars 1, 3 and 4 to lack evidence typically shown in the spec-
tra of YHGs and therefore, they are likely to be pre-RSG stars.
The less-luminous, dusty YSGs stars 15, 29, 31, 32, and 33 are
proposed as candidate post-RSG stars.
Star 2 constitutes a rather promising YHG candidate
supported by long-term variability that partly resembles the
“bounce” of a YHG against the cool border of the YV. We re-
port a decrease in temperature of more than 500 K that followed
a dimming of amplitude larger than 0.5 mag in the V−band
light curve of the star. We attribute the observed variability to
a modification in the atmospheric structure and/or in the wind
optical depth that followed a possible outburst that occurred in
mid 1999. In addition, our optical low-resolution spectroscopy of
the object displays more than one Hα emission components and
emission of [N ii] and Ca ii as a result of an expanding gaseous
shell. Emission from dust in the infrared implies that the star may
have undergone several eruptive mass-loss events in the past. For
N125093/star 44, we provide a temperature of 6 400 ± 240 K
and luminosity log L/L⊙ ∼ 5.72 ± 0.06 that renders the star
a candidate YHG because it is rather too cool to be a LBV in
eruption as previously suggested. Additionally, N125093 dis-
plays significant infrared excess fit with three dust components
in the range ∼ 100 − 900 K that is indicative of past mass-loss
events. Near-infrared spectroscopy of B324 revealed emission of
Na also shown in the K−band spectra of other YHGs, suggest-
ing the post-RSG nature of the star instead of a highly-luminous
LBV.
Our method to combine time-series photometry with opti-
cal spectroscopy yielded a strong YHG candidate, star 2, which
if confirmed, will be the second extragalactic YHG to exhibit
a “bounce” after Var A. We suggest measurements of the in-
trinsic broadening of the photosperic lines and the identification
of weak forbidden emission via high-resolution spectroscopy to
confirm the YHG nature of star 2 and the other YHG candidates.
Future work will include the study of the remaining luminous
YSGs in M33 from Drout et al. (2012) that were confirmed spec-
troscopically by Massey et al. (2016).
Long-term multi-band photometric monitoring of YSGs in
other galaxies of the Local Group will contribute to populating
the warm hypergiant region of the HR diagram and therefore
provide significant constraints to the theoretical framework of
YHGs as a function of metallicity. The deep multiband time-
series photometry from the Panoramic Survey Telescope And
Rapid Response System (Pan-STARRS; Chambers et al. 2016)
will allow the detection of variability in the spectral type of
distant and/or dust-enshrouded yellow stars and provide a firm
database of critical targets for future spectroscopic observations
with the next generation of telescopes such as the James Webb
Space Telescope (JWST) and the European-Extremely Large
Telescope (E-ELT).
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Fig. 1. Color−magnitude (left) and color−color (right) diagrams for the sample of 53 luminous YSGs in M33. Infrared photometry is taken
from 2MASS and from Thompson et al. (2009). Optical spectroscopy with GTC was obtained for the five dust-enshrouded YSGs shown with red
squares, following the designation in Table 1. Stars 6 and 13, which are flagged as candidate YHGs in the current work, are also plotted (large blue
circles) using photometry from WISE at 3.4 and 4.6 µm. The J − Ks boundaries for YSGs are indicated by the two solid lines while the dashed
lines correspond to the boundaries corrected for the average visual extinction AV = 0.4 mag of M33. We show the location on the diagrams of the
known YHGs ρ Cas (green diamond) in the Galaxy and Var A (purple triangle) in M33, as well as of the candidate YHG/LBV B 324 (cyan star) in
M33. Photometry for ρ Cas is taken from WISE at 3.4 and 4.6 µm, corresponding to upper limits due to the brightness of the object. Conversion
to M[3.6] is done using distance moduli of 24.92 mag for M33 (Bonanos et al. 2006) and 12.5 mag for ρ Cas (Zsoldos & Percy 1991).
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 3
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STAR 2
Fig. 2. Pairs of panels for the five targets observed with OSIRIS/GTC. In the left panel of each set, we show an 1′ x 1′ spatial view of the target
in Sloan r′ band. North is up, east is left. The slit in each case is shown with solid lines and targets are indicated with blue arrows. In the right
panel of each set, we show the respective two-dimensional portion of the GTC spectrum of the object, centered on the Hα line. We particularly
emphasize star 2 (large set of panels) and indicate the candidate LBV/YHG B324, located ∼ 30′′ away.
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Fig. 3. Optical/infrared spectra obtained with OSIRIS/GTC of our five selected YSGs. For clarity, a constant of 0.5 is added to the normalized
flux. The rest wavelengths of fundamental features are indicated on the top of the figure.
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Fig. 4. Normalized near-infrared spectroscopy of the candidate YHG/LBV B 324 observed with IRCS/Subaru. The rest wavelengths of discussed
features are indicated on the top of the figure.
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Fig. 6. Left. Spectral region 8470 − 8700 Å for stars 2 and 44, which show Ca ii in emission (thick black line). The vertical line marks the rest
wavelength of the P14 hydrogen line from the Paschen series at 8598.4 Å. Synthetic spectra from Munari et al. (2005) corresponding to the SED-fit
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Analysis of the Hα feature of the same stars shown in the left panel. Red- and blue-shifted wings are indicated with dashed lines. The vertical
lines indicate the velocities of the [N ii] λ6548, 6583 lines relevant to the central Hα component and corrected for the value inferred from the
measurement of O i. The total composite emission is shown with a thick blue line, fitting observations indicated with a black line.
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Fig. 7. Best-fit temperatures (filled circles) to the binned BVIc light curves, for the first 12 stars from Table 5. Open circles indicate photometric
temperatures from Drout et al. (2012), derived using B−V colors measured in northern fall 2000/2001 (Massey et al. 2006). Plots of temperatures
for the remaining nine stars are shown in the electronic edition of the current article.
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Fig. 8. Spectral energy distributions for the first 12 stars from Table 5. We show observations from DIRECT in BVIc (magenta diamonds), from
2MASS in J, H , Ks (red squares), from Spitzer at [3.6] and [4.5] (green triangles) and from WISE at 3.4, 4.6, 12, and 22 µm (cyan circles).
An arrow indicates an upper limit in the flux. The best-fitting model (solid green line) comprises the reddened, Kurucz photospheric component
(dotted black line), a hot dust or free-free emission component (dashed red line) and a cool dust component (dashed blue line). Spectral energy
distributions for the remaining nine stars are shown in the electronic edition of the current article.
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Fig. 9. Spectral energy distributions (similar to Fig. 8) for the three spectroscopic targets observed with GTC with no available time-series
photometry. Optical UBVRI counterparts are taken from Massey et al. (2006). An additional component (dashed magenta line) is used in two stars
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Fig. 10. Hertzsprung-Russell diagram for the 21 long-term monitored YSGs in M33 (black circles) and for the five spectroscopic targets (red
squares). Error bars correspond to 2σ uncertainties. We emphasize with thick crosses those stars that show emission in the infrared from both
hot and cool dust. The candidate YHGs/post-RSGs suggested in this study are marked with large symbols. Labels are shown for selected stars
discussed in the text. The solid vertical lines at 6 000 and 9 000 K indicate the borders of the YV (Humphreys et al. 2002), which extends above
log L/L⊙ = 5.4 and below the Humphreys-Davidson limit (solid thick line). The suggested YV by de Jager (1998), lying within 7 000−10 000 K,
is illustrated by the dashed vertical lines. Evolutionary tracks are taken from Ekström et al. (2012) at Z = Z⊙, non-rotating (dashed blue lines) and
at the 40% of the critical velocity (solid blue lines) for masses indicated on the right for the former and on the left for the latter. The dotted lines
connecting black solid circles indicate the variability in the temperature of four known YHGs: ρ Cas (Lobel et al. 2003), IRC+10420 (Oudmaijer
1998), HR8752 (de Jager & Nieuwenhuijzen 1997) in the Galaxy, and Var A (Humphreys et al. 1987) in M33.
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temperature increases with a step of 250 K and is shown as a dotted line. Temperatures of 5kK and 6kK are noted. From the bottom up, the solid
lines indicate models with increasing extinction, with a step of 0.2 mag. AV values of 0.0 and 1.0 mag are noted in the right side of the panel. We
note the degeneracy of the parameters for Teff > 6 000 K.
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Table 1. Infrared photometry of 53 luminous YSGs in M33.
ID LGGS J H Ks [3.6] [4.5] W1 W2 W3 W4 Codea Sp. Typeb Notec
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) M16 G16
1 J013349.86+303246.1 14.68 (0.04) 14.30 (0.05) 13.95 (0.04) 12.81 (0.05) 12.29 (0.06) 12.85 (0.04) 12.21 (0.03) 9.50 (0.04) 7.83 (0.16) 2 G0Ia F8 M01, GTC, S06
2 J013358.05+304539.9 14.58 (0.03) 14.27 (0.05) 14.21 (0.05) 13.72 (0.05) 13.45 (0.05) 13.86 (0.04) 13.85 (0.05) 9.96 (0.08) 7.66 (0.11) 2 M01, GTC, SUB, S06
3 J013411.32+304631.4 15.21 (0.04) 14.90 (0.07) 15.03 (0.12) 14.12 (0.09) 14.18 (0.10) 13.86 (0.04) 13.82 (0.05) 10.17 (0.07) 7.36 (0.08) 0 GTC, S06
4 J013337.31+303111.1 15.23 (0.03) 14.88 (0.06) 15.14 (0.11) 14.45 (0.06) 14.38 (0.06) 14.38 (0.04) 14.22 (0.07) 12.13 (U) 8.81 (0.31) 1 G0Ia F8 M01
5 J013229.20+303430.2 15.12 (0.04) 14.94 (0.07) 14.78 (0.08) − − − − − − A8Ip A8
6 J013351.84+303827.4 15.46 (0.05) 15.12 (0.09) 15.23 (0.14) − − 13.39 (0.04) 13.35 (0.05) 11.84 (U) 8.82 (U) 0 M01, S06
7 J013337.04+303637.6 15.27 (0.04) 15.14 (0.08) 14.96 (0.12) − − − − − − F5-8 S06
8 J013233.85+302728.9 15.21 (0.06) 14.68 (0.06) 14.39 (0.07) − − 13.81 (0.03) 13.67 (0.03) 10.44 (0.06) 7.54 (0.12) 0 F8I F2
9 J013327.65+303751.2 16.19 (0.09) 15.90 (0.16) 15.80 (U) 15.60 (0.07) 15.61 (0.06) − − − − A5-8
10 J013420.95+303039.9 15.99 (0.07) 15.89 (0.15) 15.85 (0.21) 15.46 (0.07) 15.35 (0.08) 15.41 (0.05) 14.95 (0.07) 11.29 (0.10) 8.43 (0.19) 0 A8Ia A5-8
11 J013311.16+303421.8 15.91 (0.06) 15.69 (0.12) 15.63 (0.19) 15.37 (0.05) 15.30 (0.06) 15.46 (0.08) 15.11 (0.09) 10.96 (0.08) 9.45 (0.50) 1 F0Ia S06
12 J013300.77+303416.9 16.37 (0.10) 14.76 ( − ) 14.71 (U) 14.47 (0.06) 14.35 (0.07) 14.11 (0.03) 13.80 (0.04) 9.86 (0.05) 7.01 (0.08) 2 G0Ia F8
13 J013345.15+303620.1 15.62 (0.07) 15.50 (0.12) 15.24 (0.14) − − 14.81 (0.33) 13.98 (0.14) 8.64 (0.08) 6.08 (0.06) 0 G0Ia M01, S06
14 J013352.56+303815.9 15.28 (0.07) 14.46 (0.07) 14.00 (0.05) 14.85 (0.11) 14.75 (0.09) 12.23 (0.03) 12.34 (0.03) 11.84 (U) 9.02 (U) 2 M01, S06
15 J013357.70+304824.1 15.62 (0.06) 15.28 (0.09) 15.43 (0.16) 15.17 (0.06) 15.13 (0.06) 15.32 (0.07) 15.30 (0.11) 11.65 (0.38) 7.77 (0.15) 1 F5 M01, S06
16 J013439.98+303839.4 15.67 (0.06) 15.36 (0.10) 15.20 (0.13) 15.31 (0.05) 15.22 (0.08) 15.01 (0.04) 14.71 (0.06) 11.57 (0.13) 9.16 (U) 1 G0Ia F5
17 J013351.65+303225.9 15.76 (0.06) 15.47 (0.10) 15.21 (0.13) 15.22 (0.06) 15.22 (0.06) − − − − M01, S06
18 J013351.48+305252.9 15.88 (0.07) 15.64 (0.14) 15.59 (0.18) 15.39 (0.06) 15.43 (0.07) − − − − F0
19 J013431.87+304118.0 16.20 (0.09) 16.23 (0.20) 16.14 (0.30) 15.71 (0.05) 15.70 (0.06) 15.86 (0.10) 15.24 (0.10) 10.99 (0.09) 8.90 (0.31) 1 A8Ia
20 J013420.34+304545.6 15.54 (0.06) 15.15 (0.08) 15.21 (0.13) 14.59 (0.07) 14.53 (0.06) 14.45 (0.25) 14.05 (0.22) 10.17 (0.18) 9.13 (0.37) 1 F8-G0 S06
21 J013349.56+303941.6 15.84 (0.10) 15.76 (0.16) 15.21 (0.14) − − − − − −
22 J013348.36+304242.1 15.98 (0.07) 15.80 (0.16) 15.42 (0.16) 15.55 (0.10) 15.58 (0.09) − − − − M01, S06
23 J013336.61+302208.1 16.12 (0.08) 15.98 (0.16) 15.79 (0.20) 15.59 (0.05) 15.56 (0.06) 15.63 (0.05) 15.22 (0.09) 11.40 (0.12) 8.74 (0.26) 1 F0
24 J013355.47+310009.0 15.98 (0.07) 15.52 (0.12) 15.20 (0.12) − − 15.40 (0.05) 15.11 (0.09) 12.94 (U) 9.15 (U) 0 F2
25 J013311.09+304851.8 15.52 (0.05) 15.21 (0.09) 15.10 (0.12) 14.79 (0.10) 14.84 (0.09) 14.35 (0.03) 14.29 (0.05) 11.51 (0.16) 8.43 (0.22) 1 F8
26 J013357.48+303821.4 15.88 (0.07) 15.24 (0.10) 15.37 (0.15) 15.11 (0.05) 15.24 (0.08) 13.91 (0.07) 13.84 (0.10) 11.23 (U) 9.05 (U) 2 M01, S06
27 J013356.58+303826.6 16.65 (0.13) 16.44 ( − ) 16.71 (U) 16.33 (0.12) 16.16 (0.12) − − − − M01, S06
28 J013419.52+304633.8 16.31 (0.11) 16.05 (0.19) 15.65 (U) 15.83 (0.05) 15.82 (0.06) − − − −
29 J013344.15+303205.7 15.68 (0.06) 15.35 (0.10) 15.22 (0.14) 14.47 (0.11) 14.44 (0.11) 13.79 (0.04) 13.49 (0.05) 8.66 (0.03) 6.80 (0.07) 1 M01, S06
30 J013419.51+305532.4 16.18 (0.09) 15.79 (0.14) 15.67 (U) 15.70 (0.06) 15.87 (0.06) − − − − A8-F0
31 J013355.62+303500.8 15.80 (0.06) 15.58 (0.12) 15.59 (0.18) 14.80 (0.11) 14.92 (0.09) − − − − M01, S06
32 J013410.90+303840.8 15.92 (0.07) 15.42 (0.10) 15.59 (0.18) 14.83 (0.10) 14.92 (0.08) 14.71 (0.07) 15.47 (0.15) 11.33 (0.24) 9.07 (U) 0 G0Ia M01, S06
33 J013348.48+304510.6 15.64 (0.06) 15.13 (0.08) 14.86 (0.10) − − 14.89 (0.30) 14.87 (0.22) 10.94 (0.14) 8.91 (0.36) 0 F5Ia M01
34 J013322.62+302920.4 15.85 (0.06) 15.32 (0.09) 14.98 (0.11) 15.05 (0.09) 14.89 (0.06) 14.77 (0.04) 14.56 (0.06) 11.44 (0.12) 9.20 (U) 1 F8-G0
35 J013303.60+302903.4 15.69 (0.05) 15.39 (0.09) 15.22 (0.14) 15.02 (0.05) 14.81 (0.06) 14.85 (0.05) 14.39 (0.05) 10.67 (0.06) 8.03 (0.15) 0 F8-G0 IR-VAR
36 J013358.51+303412.6 15.84 (0.08) 14.58 ( − ) 14.34 (U) 15.27 (0.09) 15.37 (0.09) − − − − M01
37 J013418.54+303647.5 15.84 (0.07) 15.51 (0.12) 15.74 (0.21) 15.33 (0.05) 15.35 (0.06) 15.35 (0.11) 16.53 (0.38) 12.27 (U) 8.98 (U) 0 G0Ia F8
38 J013342.84+303835.6 16.12 (0.10) 16.02 (0.19) 16.04 (0.32) 15.29 (0.12) 15.46 (0.08) − − − − G0Ia M01
39 J013350.71+304254.3 16.69 (0.14) 16.12 (0.21) 16.49 (U) − − − − − − A6Ia M01, S06
40 J013346.16+303448.5 16.31 (0.10) 15.89 (0.16) 15.81 (0.23) 15.58 (0.06) 15.67 (0.06) 14.56 (0.08) 14.99 (0.13) 11.89 (U) 9.39 (U) 2 M01
41 J013320.08+302544.4 16.06 (0.08) 15.75 (0.16) 15.99 (0.27) 15.38 (0.05) 15.38 (0.06) 14.91 (0.05) 14.70 (0.07) 10.68 (0.06) 8.79 (0.27) 1 F0
42 J013252.56+303419.6 − − − 16.46 (0.06) 16.46 (0.07) − − − − A8 G16
43 J013440.51+303852.3 16.39 (0.11) 16.64 (0.30) 17.04 ( −) 16.01 (0.05) 16.02 (0.06) − − − −
44 J013415.42+302816.4 15.39 (0.04) 14.82 (0.06) 14.12 (0.05) 12.36 (0.05) 11.73 (0.06) 12.90 (0.03) 11.89 (0.02) 8.95 (0.02) 6.36 (0.05) 0 F0Ie F0-2 GTC
45 J013304.66+303240.4 16.59 (0.12) 16.44 (0.27) 15.09 (U) 16.03 (0.05) 15.96 (0.06) 14.21 (0.04) 14.36 (0.06) 11.45 (0.13) 9.00 (0.33) 1 F0
46 J013442.14+303216.0 16.03 (0.08) 15.23 ( − ) 14.56 (U) 13.56 (0.04) 13.02 (0.05) 13.67 (0.03) 12.93 (0.03) 10.31 (0.05) 8.01 (0.14) 2 G0Ia F8 GTC
47 J013422.40+304835.5 15.69 (0.06) 15.29 (0.09) 15.28 (0.13) − − − − − − A8
48 J013355.36+304358.2 16.48 (0.11) 15.92 (0.17) 15.70 (U) 15.95 (0.10) 16.20 (0.09) − − − − M01
49 J013303.40+303051.2 16.23 (0.08) 16.08 (0.16) 15.36 (0.15) 15.04 (0.10) 14.93 (0.09) 15.17 (0.06) 14.64 (0.07) 11.50 (0.15) 9.57 (U) 0 F5
50 J013408.52+304708.9 16.26 (0.09) 16.11 (0.19) 15.92 (U) 16.00 (0.07) 15.86 (0.06) − − − − F8
51 J013339.46+303126.9 − − − − − − − − − M01
52 J013231.94+303516.7 15.82 (0.07) 15.51 (0.10) 15.33 (0.14) − − 14.51 (0.03) 14.14 (0.04) 9.83 (0.04) 7.48 (0.11) 0 F2
53 J013439.73+304406.6 16.26 (0.09) 16.00 (0.17) 15.82 (0.20) − − − − − − A8
a Within 6′′ from the target, (0) one identified source by 2MASS and/or Spitzer (1) at least two identified sources by 2MASS or Spitzer (2) at least two identified sources by both 2MASS
and Spitzer.
b (M16) Massey et al. (2016), (G16) Gordon et al. (2016)
c (M01) Photometry by Macri et al. (2001), (GTC) Optical spectroscopy with OSIRIS/GTC, (SUB) K−band spectroscopy with IRCS/Subaru, (S06) Variable in Shporer & Mazeh (2006),
(IR-VAR) Variable in at least one IRAC band in McQuinn et al. (2007).
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Table 2. DIRECT lightcurves of 21 YSGs in M33.
LGGS Filter JD−2450000 (d) Magnitude (mag) Uncertainty (mag)
J013349.86+303246.1 B 332.8548 16.990 0.009
J013349.86+303246.1 B 365.7995 17.036 0.008
J013349.86+303246.1 B 688.9693 16.947 0.005
Notes. Table 2 is available in its entirety in a machine-readable form at the CDS. A portion, which contains
the first three B−band measurements of Star 1, is shown here for guidance regarding its form and content.
Table 3. Log of spectroscopic observations.
ID JD Band Mag Exp. time (s) SNR Airmass Instrument
1 2456888.59272 V 16.01 100 70 1.2 OSIRIS/GTC
2 2456888.61312 V 16.19 240 60 1.1 OSIRIS/GTC
3 2456888.60277 V 15.99 200 120 1.2 OSIRIS/GTC
44 2456888.66294 V 17.28 600 100 1.0 OSIRIS/GTC
46 2456888.64362 V 17.34 600 90 1.1 OSIRIS/GTC
2 2457300.91536 Ks 14.21 3600 15 1.0 IRCS/Subaru
B324 2457301.01534 Ks 13.28 900 75 1.1 IRCS/Subaru
Table 4. Radial velocities, equivalent widths and generic indices of selected spectral features. The last two columns list measurements of MV and
log L/L⊙, based on the calibration of the EWO i. Uncertainties (1σ) are in parentheses.
ID EWHα (Å) RVHα (km s−1) EWO i (Å) RVO i (km s−1) CaT* PaT MV (mag) log L/L⊙
1 2.8 (0.1) −243 (15) 2.0 (0.1) −207 (12) 15.03 (0.03) 2.44 (0.03) -8.4 (0.9) 5.3 (0.4)
2 −9.9 (0.2) −320 (5) 2.6 (0.2) −284 (12) – – -9.6 (1.3) 5.8 (0.5)
3 2.9 (0.1) −275 (9) 2.4 (0.1) −280 (4) 5.18 (0.02) 5.56 (0.02) -9.3 (1.1) 5.6 (0.5)
44 −49.7 (0.1) −105 (5) 2.1 (0.1) −203 (8) – – -8.6 (1.0) 5.4 (0.4)
46 −46.2 (0.1) −170 (5) – – 10.82 (0.02) 1.69 (0.02) – –
Table 5. Spectral energy distribution fit parameters of 21 YSGs with available light curves from DIRECT. Uncertainties (1σ) are in parentheses.
Drout et al. (2012) E(B − V) SED fitting
ID Teff (K) log L/L⊙ mag Teff (K) R/R⊙ log L/L⊙ Tdust (K)
8 µm 22 µm
1 5260 5.64 0.13 (0.01) 5500 (70) 710 (25) 5.65 5.68 (0.04) 670 + 180
2 4897 5.63 0.13 (0.01) 5500 (70) 685 (25) 5.59 5.61 (0.04) 830 + 160
4 5623 5.51 0.06 (0.01) 5750 (70) 510 (15) 5.41 (0.04) 870 + 110
6 5701 5.40 0.19 (0.01) 6000 (80) 485 (20) 5.44 5.45 (0.04) 1270 + 130
13 6295 5.30 0.12 (0.02) 6540 (110) 360 (15) 5.35 5.48 (0.04) 600 + 150
14 5333 5.28 0.14 (0.01) 5800 (120) 450 (25) 5.31 (0.04) –
15 5597 5.27 0.13 (0.01) 5960 (110) 400 (20) 5.26 5.28 (0.04) 110
17 5997 5.26 0.13 (0.01) 6250 (70) 370 (10) 5.27 (0.04) –
22 6807 5.23 0.03 (0.02) 6290 (110) 320 (15) 5.16 (0.04) –
26 5116 5.21 0.13 (0.01) 5440 (130) 400 (25) 5.10 (0.04) –
27 8472 5.20 0.13 (0.01) 7920 (140) 220 (10) 5.23 (0.03) –
29 5296 5.19 0.10 (0.02) 5670 (140) 385 (25) 5.16 (0.04) 1040
31 6067 5.17 0.13 (0.01) 6250 (70) 340 (10) 5.21 (0.04) 1000
32 6053 5.16 0.13 (0.01) 6250 (70) 340 (10) 5.21 5.22 (0.04) 1200 + 160
33 6807 5.16 0.11 (0.02) 6730 (100) 285 (10) 5.24 5.27 (0.04) 170 + winds
36 5584 5.15 0.07 (0.01) 5750 (70) 345 (10) 5.07 (0.04) –
38 6011 5.14 0.06 (0.01) 6000 (70) 325 (10) 5.08 (0.04) –
39 8394 5.12 0.13 (0.01) 8240 (100) 190 (5) 5.16 (0.03) –
40 7998 5.12 0.13 (0.01) 7700 (410) 215 (15) 5.18 (0.04) winds?
48 7294 5.07 0.14 (0.07) 7230 (350) 235 (15) 5.15 (0.07) 1230?
51 7998 5.06 0.12 (0.01) 7750 (70) 200 (5) 5.11 (0.03) –
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Table 6. Spectral energy distribution fit parameters of three dusty YSGs with available spectroscopy from GTC.
Uncertainties (1σ) are in parentheses. The asterisk indicates the value of reddening adopted for star 44 from Humphreys et al. (2013).
Drout et al. (2012) E(B − V) SED fitting
ID Teff (K) log L/L⊙ mag Teff (K) R/R⊙ log L/L⊙ Tdust (K)
8 µm 22 µm
3 6980 5.53 0.11 (0.01) 7500 (70) 355 (10) 5.59 5.62 (0.03) 1200 + 140
44 5450 5.10 0.16 (0.02) / 0.50* 6400 (240) 490 (20) 5.65 5.72 (0.06) 980 + 380 + 130
46 5430 5.08 0.13 (0.01) 5610 (140) 375 (25) 5.20 5.25 (0.04) 950 + 320 + 100
Table 7. Binned BVIc photometry and inferred parameters of star 2. Uncertainties (1σ) are in parentheses.
JD B V Ic AV fixed AV free
(mag) (mag) (mag) Teff (K) Teff (K) AV (mag)
333.6281 16.836 (0.020) 16.083 (0.038) 15.277 (0.019) 5750 (70) 5670 (170) 0.29 (0.20)
365.3147 16.776 (0.014) 16.041 (0.031) 15.260 (0.033) 5750 (70) 5660 (150) 0.22 (0.17)
686.6760 17.026 (0.020) 16.115 (0.047) 15.237 (0.005) 5500 (70) 5400 (150) 0.21 (0.18)
689.9840 16.967 (0.014) 16.115 (0.029) 15.257 (0.026) 5570 (130) 5520 (100) 0.28 (0.10)
695.4098 17.009 (0.022) 16.147 (0.014) 15.242 (0.004) 5500 (70) 5540 (120) 0.40 (0.12)
730.8744 16.949 (0.012) 16.094 (0.027) 15.236 (0.009) 5550 (120) 5510 ( 85) 0.27 (0.06)
1379.632 16.744 (0.011) 15.931 (0.051) 15.008 (0.021) 5500 (70) 5940 (550) 0.80 (0.46)
1429.511 16.721 (0.008) 15.864 (0.060) 14.987 (0.007) 5500 (70) 5590 (150) 0.41 (0.18)
1433.367 16.733 (0.002) 15.846 (0.053) 14.991 (0.004) 5500 (70) 5450 (150) 0.24 (0.17)
1459.135 16.734 (0.037) 15.937 (0.038) 14.964 (0.060) 5510 (80) 6310 (640) 1.21 (0.53)
1462.911 16.751 (0.030) 15.921 (0.031) 14.970 (0.039) 5500 (70) 5850 (380) 0.79 (0.33)
1483.052 16.883 (0.039) 15.991 (0.053) 15.014 (0.065) 5490 (90) 5700 (350) 0.72 (0.36)
1485.657 16.921 (0.015) 15.979 (0.029) 15.026 (0.013) 5500 (70) 5470 (110) 0.47 (0.12)
2517.839 17.193 (0.002) 15.961 (0.029) 14.889 (0.040) 5010 (90) 5050 (120) 0.39 (0.15)
2531.756 17.268 (0.001) 15.999 (0.012) 14.945 (0.041) 5000 (80) 5000 ( 70) 0.32 (0.05)
2557.851 17.336 (0.008) 16.052 (0.008) 14.789 (0.152) 4720 (200) 5260 (190) 1.03 (0.36)
2589.811 17.360 (0.001) 16.047 (0.008) 14.948 (0.007) 5000 (70) 5000 ( 70) 0.43 (0.01)
2646.644 17.339 (0.004) 16.015 (0.003) 14.952 (0.013) 5000 (70) 4820 (130) 0.17 (0.13)
2662.621 17.415 (0.003) 16.060 (0.016) 15.011 (0.007) 5000 (70) 4750 ( 70) 0.09 (0.02)
2908.821 17.261 (0.003) 16.048 (0.007) 14.973 (0.022) 5000 (80) 5040 (110) 0.37 (0.12)
2932.817 17.103 (0.002) 16.004 (0.002) 15.024 (0.039) 5250 (70) 5240 ( 90) 0.34 (0.09)
2958.827 17.201 (0.013) 15.986 (0.012) 14.987 (0.049) 5220 (110) 5000 ( 70) 0.17 (0.06)
3000.654 17.173 (0.013) 15.970 (0.016) 14.967 (0.039) 5240 (90) 5000 ( 70) 0.17 (0.05)
3567.580 16.752 (0.028) 15.776 (0.149) 14.922 (0.121) 5510 (100) 5470 (410) 0.33 (0.30)
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Fig. 1. Same as in Fig. 7, but for the last 9 stars from Table 5.
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Fig. 2. Same as in Fig. 8, but for the last 9 stars from Table 5.
